Background: Caveolin-3 facilitates both caveolae formation and a range of cell signaling pathways, including Ca 2ϩ homeostasis. Results: Caveolin-3 forms a disc-shaped nonamer that binds the Ca 2ϩ -release channel, RyR1. Conclusion: Multiple caveolin-3 nonamers bind to a single RyR1 homotetramer. Significance: First three-dimensional structural insights into caveolin-3 assembly, interactions with RyR1 suggest a novel role in muscle contraction and/or for channel localization within the membrane.
Caveolin-3 (cav-3), an integral membrane protein, is a building block of caveolae as well as a regulator of a number of physiological processes by facilitating the formation of multiprotein signaling complexes. We report that the expression of cav-3 in insect (Sf9) cells induces caveola formation, comparable in size with those observed in native tissue. We have also purified the recombinant cav-3 determining that it forms an oligomer of ϳ220 kDa. We present the first three-dimensional structure for cav-3 (using transmission electron microscopy and single particle analysis methods) and show that nine cav-3 monomers assemble to form a complex that is toroidal in shape, ϳ16.5 nm in diameter and ϳ 5.5 nm in height. Labeling experiments and reconstitution of the purified cav-3 into liposomes have allowed a proposal for the orientation of the protein with respect to the membrane. We have identified multiple caveolin-binding motifs within the ryanodine receptor (RyR1) sequence employing a bioinformatic analysis. We have then shown experimentally that there is a direct interaction between recombinant cav-3 nonamers and purified RyR1 homotetramers that would imply that at least one of the predicted cav-3-binding sites is exposed within the fully assembled RyR1 structure. The cav-3 three-dimensional model provides new insights as to how a cav-3 oligomer can bind multiple partners in close proximity to form signaling complexes. Furthermore, a direct interaction with RyR1 suggests a possible role for cav-3 as a modifier of muscle excitation-contraction coupling and/or for localization of the receptor to regions of the sarcoplasmic reticulum.
Caveolin (cav) 2 -1 was first identified 20 years ago (1, 2) with two additional forms, caveolin-2 (cav-2), caveolin-3 (cav-3), later described (3, 4) . Two splice variants of cav-1 and three isoforms of cav-2 have also been reported (4 -6) . Caveolins are the principal structural components of caveola, a type of lipid raft formed by vesicular invaginations of the plasma membrane (7, 8) . In addition, caveolins are implicated in a host of cell signaling processes through an association with a myriad of proteins to form macromolecular multiprotein complexes (9) . Single amino acid mutations and alterations in expression levels of caveolins have also been linked to the pathogenesis of multiple disease states, including cancers, cardiovascular disorders, diabetes, and a wide range of degenerative muscular dystrophies (10) .
cav-1 is the most widely studied protein of the caveolin family, yet there is a dearth of structural data, with no three-dimensional structures currently available for any of the full-length caveolins. It is generally accepted that caveolins self-assemble to form higher polymers, although there are conflicting reports in the literature regarding the number of caveolin monomers that associate to form an oligomer. For example, Fernandez et al. (11) expressed, in Escherichia coli, a recombinant fragment of cav-1 (amino acids 1-101), and by using transmission electron microscopy to examine negatively stained samples, they proposed that the fragment oligomerized to form a heptameric complex ϳ11 nm across, although no image analysis was undertaken. In contrast, an earlier study of native cav-1 isolated from adipocyte plasma membranes reported that cav-1 formed complexes that migrated between 200 and 600 kDa when analyzed by gel electrophoresis, with a major band at ϳ300 -325 kDa and a minor band at 200 kDa (12) . Again, no structural analysis of the cav-1 oligomers was conducted.
The primary sequence of cav-3 can be considered to be composed of several structural modules as follows: a cytosolic N-terminal segment (aa 1-73) that contains a caveolin signature motif (aa 41-48, FEDVIAEP) and a scaffolding domain (aa [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] , with a putative transmembrane region (aa 75-106) that is proposed to form a hairpin structure thereby also placing the C-terminal domain (aa 105-151) in the cytoplasm (13, 14) . It is clear from Fig. 1 that large portions of the primary sequence are conserved between the caveolin proteins with 61% sequence similarity between the cav-1 and cav-3 isoforms. However, there are distinct differences in sequence such as the extended N terminus of cav-1 compared with cav-3. There is also substantially less conservation between the sequences of cav-3 and cav-1 with cav-2, 33 and 30%, respectively. A divergence in function between the isoforms has also been established; for example, cav-2, unlike cav-1 and cav-3, appears not to be required for caveolae formation nor does it seem to be involved in vesicular transport (15) . Functional differences between caveolin isoforms are likely influenced by the variation in expression location. cav-1 and cav-2 are expressed in most cell types, whereas cav-3 is specific to skeletal, smooth, and cardiac muscles (3, 16 -18) . Genetic ablation of cav-3 has been reported to effect muscular disorders, including severe cardiac hypertrophy and dilation (19, 20) , myocyte degeneration, fibrosis, and impairment of function (21, 22) .
Interestingly, cav-3 null mice have also been shown to develop a markedly disorganized T-tubule system in skeletal muscle (23, 24) . T-tubules are invaginations of the sarcolemmal membrane found in excitable cells facilitating the transmission of the action potential from the exterior to the interior of the cell. In brief, depolarization of the plasma membrane leads to the opening of the L-type voltage-gated calcium channels, localized to the T-tubules controlling excitation-contraction coupling in cooperation with the ryanodine receptor (RyR), which resides in the sarcoplasmic reticulum (SR). Although there are a number of reports describing a direct interaction of cav-3 with L-type voltage-gated calcium channels (25) , it is not clear whether this association involves only subpopulations of L-type voltage-gated calcium channels associated with caveolae spatially distal from the SR RyR complexes (26) . Interestingly, Vassilopoulos et al. (27) have shown that cav-3 is immunoprecipitated from rat microsomes in complex with triadin and the ryanodine receptor skeletal muscle isoform RyR1. In addition, the group also reported that cav-3 could be co-immunoprecipitated in COS-7 cells transfected with a GFP-RyR construct corresponding to the C-terminal domain (4450 -5032 aa), implying that the interaction was independent of triadin and that the transmembrane region of the receptor was involved. It was not clear however whether the expressed fragment had oligomerized to form a tetramer in an organization similar to that of the native receptor. Given that this domain would ordinarily be within the SR membrane, it may indicate that for cav-3 to have access to this region cav-3 is located in the SR membrane, although the authors did not comment on this observation. Intriguingly, an earlier study from Li et al. (28) had detected cav-3 in SR membranes.
In this study, we have purified full-length human cav-3 and determined the first three-dimensional structure for this protein. Reconstitution of the isolated cav-3 into lipid vesicles allowed interpretation of the three-dimensional structure in the context of function providing new insights as to how this protein can bind multiple partners in close proximity and thus act as a signaling hub. We have additionally shown that cav-3 is a component of the junctional terminal cisternae (JTC) of SR membranes and that the purified oligomer can directly interact with isolated homotetrameric RyR1 complexes.
EXPERIMENTAL PROCEDURES
cav-3 Expression and Purification-The template DNA for human caveolin-3 (cav-3) was purchased from OriGene. Appropriate primers were designed, and PCR of the full-length cav-3 was carried out. The PCR product was gel-purified (Qiagen) and digested by EcoRI/BamHI enzymes (Fermentas). The pPolh-MAT-2 plasmid was digested with EcoRI/BglII enzymes and then dephosphorylated using calf intestinal alkaline phosphatase enzyme (Roche Applied Science). Vectors and inserts (at a molar ratio of 1:3) were ligated (U. S. Biochemical Corp.) and transformed into competent JM109 cells. Cells were plated onto LBamp plates. Positive colonies were sequenceverified and shown to correspond to full-length cav-3. Small scale pilot studies were undertaken to devise optimal expression conditions. For large scale expression, Sf9 cells were grown to 4 ϫ 10 6 cells/ml and then passaged to 1 ϫ 10 6 cells/ml in fresh media containing the baculovirus at a final multiplicity of infection of 5. Virus-infected cells were incubated for 72 h at 28°C after which time cells expressing cav-3 were harvested by centrifugation at 1000 ϫ g for 5 min. The cell pellets were resuspended in buffer (20 mM Tris, pH 7.7, 150 mM NaCl with protease inhibitors (Roche Applied Science)), including 2% w/v ␤-dodecyl D-maltoside (DDM), 1.2% v/v Triton X-100, at a ratio of 20 ml of buffer to 400 ml of original cell solution. The resuspended cell pellet solution was sonicated three times at 20% for 30 s, resting for 30 s between cycles. Cells were rotated for 1 h at 4°C and then centrifuged at 45,000 ϫ g (Sorval SS-34) for 30 min at 4°C.
The supernatant was diluted to reduce the detergent concentration, filtered and degassed, and then applied to a HisTrapHP column (5-ml column volume, GE Healthcare) using an AKTAprime plus FPLC to purify cav-3 via the C-terminal metal affinity tag (MAT). The column was washed with 5 system volumes of buffer (20 mM Tris, pH 7.7, 150 mM NaCl, 0.02% w/v DDM, and protease inhibitors) to remove any unbound protein There is a 61% sequence identity between cav-1 and cav-3 (ClustalW2). The figure shows that there are several regions that are highly conserved between the two caveolin isoforms but also illustrates that there are regions of divergence, for example the N terminus is extended in cav-1 compared with cav-3. Asterisk indicates fully conserved residue; colon indicates conservation of residues with strongly similar properties; period indicates conservation of residues with weakly similar properties. The boxed amino acids indicate the conserved caveolin signature motif, and the underlined residues indicate the putative transmembrane domain. A secondary structure prediction for cav-3 (Jpred) is depicted above the sequence; arrows represent ␤-sheets; cylinders represent ␣-helical regions. The absence of either implies the protein in this region is predicted to be largely random coil.
at a flow rate of 1 ml/min. The bound cav-3 was eluted with imidazole (flow rate of 0.5 ml/min). All buffers and columns were maintained at 4°C. The eluted fractions containing partially purified cav-3 (as determined by SDS-PAGE and Western blotting; an anti-MAT, Sigma M6693, and anti-cav-3, Abcam ab2912) were layered on top of a step sucrose gradient as follows: 10% (5 ml), 12.5% (5 ml), 15% (3 ml), 20% (3 ml), 22.5% (3 ml), 30% (6 ml), and 40% (7 ml) in 20 mM Tris, pH 7.7, 150 mM NaCl, 0.02% DDM, and protease inhibitors and ultracentrifuged for 16 h at 132,000 ϫ g (SW28 rotor) at 4°C. The gradients were fractionated (0.5 ml) and analyzed for cav-3. Pure cav-3 was isolated in the gradient where the sucrose concentration was ϳ22.5%. This method typically yielded ϳ0.2-0.3 mg of purified cav-3 from a 2.5-liter cell suspension (1 million cells/ml).
Sample Preparation for SDS-PAGE/Western Blotting-Boiling cav-3 samples prior to analysis by SDS-PAGE led to a ladder of cav-3 oligomers as well as smeared aggregated protein at the top of the gel. Omission of the boiling step with incubation of the protein sample in SDS-PAGE buffer overnight at room temperature was necessary for the complete breakdown of the cav-3 oligomers.
Preparation of Thin Sections of Infected Sf9
Cell-Infected cells (multiplicity of infection of 5) were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, for 2 h on ice with standard methods for processing, resin embedding, preparation of thin sections, and staining. Sections were examined using an FEI BioTwin Tecnai 12 TEM microscope at an operating voltage of 100 kV. Images were recorded on a Gatan 2K ϫ 2K CCD camera.
Characterization of Molecular Mass of Purified cav-3 Using Multiangle Laser Light Scattering (MALLS)-Purified recombinant cav-3 was applied to a Superose 6 column 10/300GL (GE Healthcare) running at a flow rate of 0.75 ml/min in TBS buffer. Samples eluting from the column passed through an in-line DAWN HELEOS-II laser photometer (laser wavelength 658 nm) and an Optilab rEX refractometer with a QELS dynamic light scattering attachment (Wyatt). Light scattering intensity and eluent refractive index (concentration) were analyzed using ASTRA version 5.3.4.13 software to give a weight-averaged molecular mass.
Electron Microscopy and Three-dimensional Structure Analysis of Purified cav-3-Aliquots of cav-3 taken from the peak fraction from the MALLS were negatively stained with 2% w/v uranyl acetate following standard protocols. Images of cav-3 were recorded on a Polara 300 kV Field Emission Gun transmission electron microscope. Data were collected with the microscope operated at 200 kV and under cryo and low dose conditions, i.e. 10 -20 e Ϫ /Å 2 using a 4K ϫ 4K CCD Gatan camera with a calibrated magnification corresponding to 5.1 Å/pixel at the specimen level. Each micrograph was examined using the CTFIT program within the EMAN package (29) to determine the degree of under focus; only those images between a 0.5-and 1.8-m defocus were included in the threedimensional reconstruction. cav-3 particles (5643) were selected using the GUI Boxer software into a 64 ϫ 64 pixel (320 ϫ 320 Å) box. The contrast transfer function was determined for each image using CTFIT with images corrected for phase (30) . Classification of the particles, after centering and translational and rotational alignment, produced a set of unbiased reference-free class averages showing different orientations of cav-3. The contour-delineated class averages shown in Fig. 3 were generated using the SPIDER software contouring function (31) .
Symmetry analysis was conducted employing the software "rotastat" (32) , which calculates the rotational power spectrum of individual images forming a class average, presenting a circular view of the complex, which are combined and compared with the intensity contribution from background images. The final power spectrum of the class average (97 raw particles) examined (Fig. 3F) shows a principal peak of c9 rotational symmetry. In another approach, a class average (circular projection) was rotated around the z axis through 360°, with a comparison of the rotated two-dimensional images with the original unrotated class average (SPIDER command CC C) giving clear peaks of correlation at 40°intervals, which would correspond to a complex with c9 symmetry (Fig. 3G ). In addition, Oval Plot (ImageJ) was used to measure the grayscale intensities around the circumference of a class average of the circular en face view (the radius of sampling was at 13 pixels). Nine fairly evenly spaced intensity peaks were observed ( Fig. 3H ), again consistent with a protein complex exhibiting 9-fold rotational symmetry.
As a result of the above analysis, a three-dimensional model was iteratively refined applying c9 symmetry using the EMAN software. Refinement was carried out with an angular step of 5°g enerating 85 classes containing between 44 and 163 particles per class. Convergence and stabilization of the three-dimensional structure was monitored by examining the Fourier shell correlation of the three-dimensional models generated from each iteration. Following established procedures (33) the resolution was estimated by plotting the Fourier shell correlation coefficient against spatial frequency. An estimation of the resolution limit is taken to be where the Fourier shell correlation value falls below 0.5. All the cav-3 three-dimensional maps and models are displayed using the Chimera software (34) .
Labeling the C Terminus of cav-3-Following a previously described protocol (35) , an aliquot of purified cav-3 was incubated for 3 h with Ni-NTA-gold TM (Nanoprobes Inc.). Samples were negatively stained and examined in a Tecnai 12 BioTwin TEM at an operating voltage of 100 kV.
Reconstitution of Purified cav-3 into Unilamellar VesiclesLarge unilamellar vesicles were prepared as described by Geertsma et al. (36) . In brief, lipids (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, 1,2-dioleoyl-sn-glycero-3-phosphorac-(1-glycerol) sodium salt, and 1,2-dioleoyl-sn-glycero-3-phosphocholine, Sigma), were dissolved in diethyl ether, mixed for a 2:1:1 molar ratio, dried under N 2 , and placed in a vacuum evaporator for 1 h. The lipids were resuspended in 25 mM Tris, pH 7.4, 115 mM NaCl for a final concentration of 20 mg/ml and sonicated (six cycles of 15 s) on ice under a gentle stream of N 2 gas to create small unilamellar vesicles. The small unilamellar vesicles were flash-frozen in liquid nitrogen and thawed at room temperature for 20 min. This process was repeated three times, and the vesicles were then passed through an extruder (400-nm polycarbonate filter) 11 times to form large unilamel-lar vesicles, which were then diluted to 4 mg/ml in 25 mM Tris, pH 7.4, 115 mM NaCl. The glycerol content was then adjusted to 20% (v/v) to stabilize them. The large unilamellar vesicles were titrated with Triton X-100 until a midpoint between membrane saturation and solubilization was reached (as judged by measuring the absorbance at 540 nm). Purified cav-3 was added to the destabilized large unilamellar vesicles over a range of cav-3 to lipid ratios. The samples were then incubated for 15 min at 4°C. SM-2 polystyrene beads (Bio-Beads, Bio-Rad) were added, incubated for 30 min at 4°C, and then removed by centrifugation. Samples were prepared for transmission electron microscopy as above.
Isolation of Skeletal Muscle Sarcoplasmic Reticulum JTCThe protocol employed was adapted from Refs. 37, 38. In brief, 200 g of sheep skeletal muscle were homogenized (Moulinex Optiblend 2000) in 1 liter of buffer (300 mM sucrose, 10 mM Hepes, pH 7.0, 0.5 mM EDTA). The homogenate was centrifuged for 15 min at 11,000 ϫ g; the pellet was discarded, and the supernatant was centrifuged at 110,000 ϫ g for 60 min to sediment the mixed membrane population. The mixed membrane population was resuspended in 200 ml of buffer (650 mM KCl, 300 mM sucrose, 10 mM Hepes, pH 7.0, 0.5 mM EDTA) and stirred at 4°C for 60 min before being repelleted by centrifugation at 200,000 ϫ g for 60 min. The pellet was collected and resuspended (using a hand homogenizer) in 30 ml of buffer (650 mM KCl, 300 mM sucrose, 10 mM Hepes, pH 7.0, 0.5 mM EDTA), layered onto a sucrose gradient, 45, 38, 32, and 27% (w/v) sucrose steps (in the same buffer as the membranes), and centrifuged at 100,000 ϫ g in an SW28 rotor for 16 h. This process yielded sarcoplasmic reticulum JTC at the 38 -45% interface. The membranes were collected, diluted 2-fold with buffer (300 mM sucrose, 10 mM Hepes, pH 7.0, 0.5 mM EDTA), and recentrifuged at 110,000 ϫ g for 60 min. The pellets were resuspended in buffer (300 mM sucrose, 10 mM Hepes, pH 7.0), then snap-frozen in liquid nitrogen, and stored at Ϫ80°C.
Purification of RyR1 from JTCs-The method described in Ref. 39 was followed with minor adaptations. JTC membranes (ϳ20 mg) were solubilized at 2.0 mg/ml in buffer (50 mM MOPS, pH 7.4, 185 mM NaCl, 100 mM EGTA, 2.0 mM dithiothreitol (DTT), 2% (w/v) CHAPS, 1% (w/v) soybean lecithin) for 60 min on ice. To remove the insoluble material, the mixture was then centrifuged at 100,000 ϫ g for 30 min at 4°C. The supernatant was layered onto a stepwise sucrose gradient (5-25% (w/v)) on top of a 35% (w/v) sucrose cushion. Sucrose gradient solutions were prepared in buffer (50 mM MOPS, pH 7.4, 185 mM NaCl, 100 mM EGTA, 2.0 mM DTT, 0.5% (w/v) CHAPS) and centrifuged at 125,000 ϫ g in an SW28 rotor for 16 h, after which each of the gradients was carefully fractionation into ϳ0.5-ml portions. Aliquots (100 l) from each fraction were analyzed by protein assay and SDS-PAGE/Western blotting. Fractions were quick frozen in liquid nitrogen and stored at Ϫ80°C until required. All buffers contained the following protease inhibitors: 2 mM PMSF, 1 M pepstatin A, 1 M E64, 1 mM benzamidine or complete mini EDTA-free protease inhibitor mixture tablets.
Bioinformatic Analysis-Hydrophobicity plots and transmembrane helices were calculated using the SPLIT tool (40) . Alignments were completed using ClustalW (41). Primary sequences were scanned for caveolin-binding motifs (FWY)X-(FWY)XXXX(FWY) and (FWY)XXXX(FWY)XX(FWY) (42) using ScanProsite (43) . The RyR1 (AAA60294) and the RyR2 (NP_001026.2) sequence files were taken from the NCBI database.
Interaction of Recombinant cav-3 with Purified RyR1-Two approaches were taken to investigate the association of cav-3 nonamers with RyR1 homotetramers. For method A, a cobaltchelate resin spin column (Thermo Scientific) was washed four times in buffer (25 mM Tris, pH 7.5, 115 mM NaCl, 0.075% (w/v) DDM). cav-3 (bait) was loaded onto the column and incubated with rotation for 30 min at 4°C; unbound protein was removed by centrifugation (1250 ϫ g for 1 min). The cav-3 bound to the cobalt resin was washed five times with buffer (composition as above) after which the "prey" protein (RyR1) was applied and incubated with gentle agitation for 1 h at 4°C. The column was then centrifuged for 30 s at 1250 ϫ g to remove any unbound prey. The prey-bait-bound cobalt resin was washed five times with buffer (eight times the column volume per wash) (25 mM Tris, pH 7.2, 150 mM NaCl), after which the bound protein was eluted in imidazole buffer (25 mM Tris, pH 7.2, 150 mM NaCl, 300 mM imidazole) followed by centrifugation at 1250 ϫ g to collect the eluted fraction. The eluted protein was analyzed by SDS-PAGE Western blotting. Both 12 and 5% gels were run to identify the presence of cav-3 and RyR1, respectively. Control blots illustrated that the antibodies did not hybridize nonspecifically with either partner protein. Additional control experiments also showed that RyR1 did not associate with the cobaltresin in the absence of cav-3. For method B, an aliquot of recombinant cav-3 was mixed with purified RyR1 in roughly equimolar concentrations. After 30 min, 20 l was taken and examined by TEM after negative staining as described earlier.
For comparative purposes, purified RyR1 was also analyzed by negative staining TEM.
[ 3 H]Ryanodine Binding Assay-Following the method in Ref. 44 , solubilized cav-3 was added to skeletal SR membranes (0.03 mg/ml) in buffer (300 mM KCl, 50 mM Mops, 100 M CaCl 2 , 5 mM MgCl 2 , 1 mM AMP-PCP, 0.1% w/v CHAPS, and protease inhibitors, pH 7.4) in molar excess. After 10 min of incubation, 20 nM [ 3 H]ryanodine was added, and the sample was incubated for 100 min. 100-l aliquots were filtered through a Millipore vacuum filtration apparatus fitted with Whatman GF/F glass fiber filters (pre-soaked in 2% polyethyleneimine). Filters were washed five times with ice-cold buffer (300 mM KCl, 100 M CaCl 2 , and 10 mM MOPS, pH 7.4). Filters were added to scintillation tubes containing 4 ml of scintillation fluid and shaken for 60 min, and radioactivity was measured by liquid scintillation counting.
RESULTS
Previous studies of canine cav-1 have shown that heterologous expression in Sf21 insect cells produces caveola-type organelles comparable in size to those observed in mammalian cells (45) . We therefore examined thin sections of cav-3-infected Sf9 cells by TEM, and we found that caveola-type vesicles ϳ50 -140 nm in diameter were also formed ( Fig. 2A) . Although the caveolae were clearly apparent, the cav-3 expression did not induce "hundreds" of these vesicles per cell as described for cav-1. Because Sf9 cells are a subclone of Sf21 and are considered virtually indistinguishable, the prevalence of caveolae may reflect the level of cav-3 protein expression and/or the caveolin isoform. Indeed, Une and co-workers (6) have reported that different isoforms of cav-1 induce caveolae with a morphology characterized by either deep or shallowly structured invaginations. The presence of caveolae after infection with cav-3 would suggest that the recombinant protein used in this study is functional at the cellular level.
Purification of Human cav-3-cav-3 was purified from Sf9 cells by a combination of Ni-NTA affinity chromatography and sucrose gradient centrifugation. It can be seen from Fig. 2B , lane 1, that purified cav-3 migrates as a single band at ϳ20 -22 kDa. Mass spectrometric analysis (trypsin digest and peptide fingerprinting) confirmed the identity of the protein band as cav-3 (data not shown). Samples analyzed by SDS-PAGE were also silver-stained (with a sensitivity level typically in the range of 5-0.5 ng of protein), which revealed that the cav-3 samples were pure with no minor protein components present in the preparations with Western blotting confirming the presence of cav-3 (Fig. 2B, lanes 2 and 3, respectively) . We employed native gel electrophoresis to probe whether the cav-3 purified here had polymerized. A single band at ϳ190 kDa was observed (data not shown) thereby indicating oligomerization of cav-3. For a more accurate determination of the cav-3 complex molecular mass, we employed MALLS. The purified cav-3 eluted in a single protein peak with a corresponding molecular mass between 200 and 220 kDa as shown in Fig. 2C , which closely agreed with the findings from the native gel electrophoresis experiments. SDS-PAGE/Western blotting of peak fractions confirmed the identity of the eluting protein as cav-3 (inset to Fig. 2C ). An aliquot of the peak fraction was then negatively stained and examined by TEM with an example area showing a field of cav-3 particles presented in Fig. 3A . It can be seen that purified cav-3 forms a monodisperse, homogeneous, and well separated population of particles. A montage of some of the selected cav-3 complexes is shown in Fig. 3B . Examination of the raw particles finds that there are distinct views of cav-3 as follows: particles that are almost circular (ϳ160 -170 Å in diameter) characterized by a central density, and complexes that are rod-like in appearance with the long axis measuring ϳ160 -170 Å and a thickness of ϳ 40 -50 Å.
Three-dimensional Structure of cav-3-More than 5000 cav-3 oligomers were selected, contrast transfer function corrected, centered, and aligned by employing established programs within the EMAN image processing software suite (29) . Reference free class averaging of the dataset revealed that in addition to the circular and rod-shaped views of the complex, a range of orientations of cav-3 had been imaged, and thus threedimensional reconstruction using the angular reconstitution method was feasible. An example of a class average presenting a "top view" of the cav-3 complex shows an oligomer that is almost circular in shape (Fig. 3C) , and thus it reflects the features of some of the raw images highlighted by an arrowhead in Fig. 3B . The protein density, which is white under negative staining conditions, can be seen to form a ring around the perimeter of the complex with an overall diameter of ϳ165 Å and is resolved into nine protein domains as highlighted on Fig.  3C . These nine densities are connected to a central protein domain indicated by an arrowhead (Fig. 3C ). Fig. 3D shows a rod-shaped cav-3 complex that is ϳ 160 Å long and ϳ 40 Å wide, which we have termed a side-view, and is composed of three protein domains; this projection average is consistent with the raw images in Fig. 3B highlighted by the white arrows. The projection map in Fig. 3E presents an intermediate orientation, i.e. between the top and side views. To investigate cav-3 oligomerization and symmetry, the method described by Kocsis et al. (32) was employed generating a power spectrum indicative of a complex with a 9-fold rotational symmetry as shown in Fig. 3F . Cross-correlation methods and density analysis were also employed to analyze the symmetry as shown in Fig. 3 , G and H, with the results supporting the c9 assignment, i.e. cav-3 has assembled to form a nonamer, roughly equating to a cav-3 monomer with an approximate molecular mass of 22-24 kDa. The calculated mass of human cav-3 from the primary sequence was 17,259 Da; however, with post-translational FIGURE 3. Analysis of purified human cav-3 by electron microscopy and image analysis. A, example area of negatively stained cav-3 taken from the peak fraction shown in Fig. 2C , illustrating that the sample is monodisperse with multiple orientations of cav-3 presented. B, montage of selected raw particles used in the three-dimensional reconstruction. The arrowheads highlight particles with a distinct circular shape, ϳ160 -170 Å in diameter with a central density. Another distinct orientation is a rod-shaped view of cav-3 that is ϳ160 Å in length and ϳ30 -40 Å wide (arrows). C, contoured projection map of a class average of cav-3 characterized by a ring of protein resolved into nine domains (1-9) with an overall a diameter of ϳ165 Å, surrounding a central region of density as indicated by the black arrowhead (n ϭ 87). D, class average of cav-3 that is rod-shaped, ϳ165 Å long, and ϳ40 Å thick and composed of three protein domains (n ϭ 93). E, this class average shows a partial side view of the complex (n ϭ 111). Box size ϭ 326 ϫ 326 Å. F, power spectrum with a peak indicative of c9 rotational symmetry. Inset, class average presenting a circular view of cav-3 composed of 97 raw images. G, rotational cross-correlation symmetry analysis. A class average presenting a circular view of cav-3 was rotated in increments around the z axis with each of the rotated images compared with the original unrotated image. The plot of the angle of rotation against the cross-correlation coefficient shows nine peaks separated by 40°. Note, the cross-correlation coefficient values remain high because the whole image is self-compared with only discrete changes at the rim of the complex being detected. H, grayscale intensity around the circumference of the class average was measured (Oval Plot) and plotted as a function of angle, finding nine peaks of white density (protein). FIGURE 4. Three-dimensional structure of human cav-3 at ϳ17 Å resolution. The three-dimensional structure of the cav-3 nonamer is disc-shaped with a diameter of ϳ165 Å. A, "base" of the cav-3 oligomer, showing that it is formed by an outer ring of protein ϳ45 Å wide. The outer protein rim is connected to a central density by narrow spoke-like domains. B, rotation of this view about the x axis presents the opposite face of the complex showing that the central protein density extends away from the base of the complex and is cone-shaped in appearance. C, side-view (orthogonal to the orientation in A) reveals that the overall height of the cav-3 nonamer is ϳ55 Å and that the upper surface (base) of the complex is relatively flat. D, removal of the front portion of the complex when viewed from the side shows that the central cone density has a base of ϳ70 Å diameter and height of ϳ45 Å. E, Fourier shell correlation plot illustrating that at a cutoff of 0.5 the resolution of the cav-3 nonamer is ϳ17 Å, which is perhaps optimistic, although as can be seen in Fig. 7 the three-dimensional volume can be segmented into individual monomers using the software Segger. F, column 1 presents back-projections of the final three-dimensional volume with the corresponding class averages in column 2. A comparison of the images in each row finds a good correlation between the two (box size 326 ϫ 326 Å).
modifications and the inclusion of the C-terminal MAT tag, the protein is likely to be larger, and indeed SDS-PAGE analysis of the purified protein typically showed a migration at ϳ20 -22 kDa. In addition, because the recombinant cav-3 has been purified in the presence of ␤-dodecyl D-maltoside, there will be detergent associated with the protein. Previous studies of membrane proteins have found that depending upon the detergent employed, the mass of the protein can potentially be increased by between 30 and 150% (47) .
Presented in Fig. 4 is the three-dimensional volume of cav-3 refined with c9 symmetry with the surface-rendered volume corresponding to an oligomer of mass of ϳ220 kDa. The cav-3 complex (Fig. 4A ) is toroidal in shape with a diameter of 165 Å. There is an outer rim of protein ϳ45 Å wide and connected through a series of narrow "spoke-like" densities to a central domain that is ϳ70 Å across. The view of the opposite face of the complex shows that the central density extends out from the base of the structure and forms a "cone-shaped" domain (Fig. 4B ). Fig. 4C shows the side view of the complex revealing that the outer rim of the volume extends downward from the relatively flat base by about 55 Å. Removal of the front portion of the volume when viewed from the side provides a crosssection of the "cone" domain therefore finding that it has a height of ϳ45 Å (Fig. 4D) . The resolution of the cav-3 volume approaches ϳ17 Å (Fig. 4E) . A comparison of the class averages and back projections of the final three-dimensional volume shows good correlation in terms of structural features and details (Fig. 4F ). Further comparison with the reference-free class averages (Fig. 3, C--E) and raw images (Fig. 3B ) additionally demonstrates that the dimensions and features are all in agreement. (35) , the purified cav-3 was incubated with Ni-NTA-gold (1.8 nm) exploiting the presence of the C-terminal MAT tag, which if sterically exposed within the oligomeric structure would bind the Ni-NTA-gold conjugate. The sample mix was negatively stained and examined by TEM with the electron-dense gold visualized as black and protein imaged as white density. The location of the bound gold gives an indication as to the position of the C-terminal domain within the three-dimensional volume. A montage of cav-3 gold-labeled complexes is shown in Fig. 5 , from which it can be seen that only a single gold density decorates each cav-3 nonamer. If the C-terminal domain formed part of the outer rim of protein, then it might be expected to observe cav-3 oligomers with multiple gold particles attached around the perimeter of the complex (depending upon the orientation of the oligomer and binding efficiency). Instead, we find that only a single electron-dense (gold) particle is associated with each cav-3 complex, which would indicate that the C-terminal domain of each monomer unit is closely associated, and we suggest they form the central cone region.
C-terminal Domains of cav-3 Form the Central Cone-shaped Density-Following established methods
Reconstitution of cav-3 into Lipid Vesicles-Following the method described by Geertsma et al. (36) , we successfully reconstituted the purified cav-3 into large unilamellar vesicles as shown in Fig. 6 . Upon reconstitution, cav-3 can be seen to present a circular view of the complex that is ϳ150 -160 Å in diameter with a defined central density surrounded by a ring of protein. There will be surface curvature variations in the angle of view of the reconstituted protein due to the flattening and collapse of the three-dimensional vesicles upon adhering to the carbon support film; however, visual inspection finds that the features and dimensions of the reconstituted protein clearly match those of the three-dimensional structure of the purified cav-3 in solution (Fig. 4) . cav-3 complexes that were well separated from the neighboring protein were selected and subjected to reference-free class averaging with two representative classes shown in Fig. 6B . The circular shape of the cav-3 oligomer is clearly apparent in each average, as is the central cone domain. In addition, the protein densities forming the outer ring were resolved into multiple domains, which again is consistent with the calculated three-dimensional volume. Given that these features are well contrasted by the negative stain, it would suggest that a portion of the outer rim of protein and central cone extend beyond the bilayer. Importantly these experiments illustrate that the purified protein can be reconstituted back into lipid vesicles, and thus it may represent a physiologically functional complex and further, permit a proposed orientation of the cav-3 EM volume with respect to the lipid bilayer as shown in Fig. 7 .
The three-dimensional cav-3 EM volume is modeled in Fig.  7A to reside within a monolayer in agreement with previous studies (48 -50) . In this orientation, the putative N terminus of each monomer extends into the cytosol by ϳ28 Å. It can be seen from Fig. 7B that a portion of the central cone density lies within the lipid environment, thus agreeing with predictions that the C-terminal domain is palmitoylated and is likely to be hydrophobic associating/inserting within the lipid bilayer (51) . However, the apex of the cone protrudes out of the membrane by ϳ18 Å, and thus we propose that the hydrophilic segments of the N-and C-terminal domains are located within the cytosol and positioned ϳ70 Å apart. When displayed at a higher threshold, the outer ring of cav-3 can be resolved into two FIGURE 7 . Orientation of the cav-3 nonamer with respect to the lipid bilayer. A, cav-3 spans a monolayer placing the N-and C-terminal regions within the cytoplasm. The lipid Protein Data Bank coordinates were downloaded from the website of Dr. Scott Feller, Wabash College. B, removal of the front portion of the cav-3 complex shows that the base of the central cone domain is submerged within the lipid layer, whereas the apex extends into the cytoplasm. C, cav-3 oligomer is displayed at two thresholds. The blue mesh encompasses a protein mass corresponding to ϳ220 kDa (as shown in Fig. 4) . Increasing the threshold (equating to a volume of ϳ170 kDa) leads to the separation of the outer ring into an upper and lower region shown by the pink surface rendering. We suggest that the lower globular densities correspond to the soluble N-terminal domains from each cav-3 monomer. D, using the program Segger (Chimera UCSF software), the three-dimensional volume was segmented. The side view of the cav-3 nonamer (transparency setting 0.6) is shown after segmentation of the outer ring of the cav-3 complex into nine parts; for clarity, only one segment is displayed. Further segmentation of the spoke and central cone domain identified two further elements that would form a cav-3 monomer in the 9-fold symmetric organization. The outer ring segment is labeled 1; the spoke domain is labeled 2, and a portion of the central cone is labeled 3. The very center of the "central cone" could not be computationally segmented further. The dashed red line shows the putative positions of the N-terminal (N-T) and C-terminal (C-T) terminal domains of a cav-3 monomer. E, rotation of the view in D by 90°shows the domain organization of a cav-3 monomer with the dashed outline giving an impression of the volume occupied by a cav-3 monomer and roughly divides up the core of the central cone.
domains when viewed perpendicular to the plane of the membrane (Fig. 7C) . We propose that the lower globular densities correspond to the hydrophilic N-terminal domains of each contributing cav-3 monomer. Segmentation of the three-dimensional volume using the software Segger (an extension to the UCSF Chimera software) reveals the approximate footprint of a cav-3 monomer as shown in Fig. 7, D and E. Interactions of cav-3 and RyR1-As discussed earlier, one study has reported a putative interaction between cav-3 and RyR1, although this has not yet been demonstrated between the two purified proteins. We examined the primary sequence of both RyR1 and RyR2 for caveolin-binding motifs (CBMs) as described under "Experimental Procedures." As shown in Table  1 , there are six predicted CBMs within RyR1 with five of these located in the putative transmembrane region. Interestingly, it can also be seen that six motifs are well conserved in the cardiac isoform, RyR2, with three additional CBMs (7, 8, and 9) unique to the cardiac receptor sequence.
Cryo-EM studies have shown that the RyR1 transmembrane "foot" is ϳ7 nm tall, which makes it thicker than the SR membrane (52), which would suggest that portions of the region termed the transmembrane (TM) domain are not necessarily completely within the membrane. Based on the EM volume, the TM region has been predicted to accommodate between 24 and 32 transmembrane ␣-helices (or 6 -8 per subunit) (53) . To correlate the identified CBMs to the regions within the RyR1 TM region, we calculated the hydrophobicity of the sequence and likelihood of ␣-helices to form within this region. As can be seen in Fig. 8A , two of the CBMs identified from the primary sequence in the TM segment ( Table 1 , CBMs 2 and 6) are located in regions that are predicted not to be within the membrane and do not adopt a helical structure unlike CBMs 3-5, which overlap at a site that is both predicted to be an ␣-helix and within the membrane. The two additional CBMs that were located within the transmembrane domain of RyR2, CBMs 8 and 9, but not RyR1, were located in a region that was predicted to be both helical and within the membrane (data not shown). The nature of the hydrophobicity and secondary structure prediction algorithms do not facilitate identification of which side of the membrane the CBMs are located; moreover, and importantly, we do not know whether these sites are exposed or occluded because RyRs assemble to form homotetramers.
To experimentally examine whether homotetrameric RyR1 can bind full-length cav-3 nonamers, we also purified the receptor from sheep skeletal muscle. The first stage of this preparation involved isolating SR membranes. Interestingly, Western blotting of the SR proteins separated by SDS-PAGE identified cav-3 (Fig. 8B) as a constituent that would agree with the findings from Li et al. (28) . Following isolation of the SR membranes, RyR1 was purified as described under "Experimental Procedures." The purity of the isolated RyR1 was assessed by SDS-PAGE as shown in Fig. 8C . To determine whether the purified receptor had been isolated as a homotetramer (native organization), an aliquot was examined by TEM (Fig. 8D) showing that the RyR1 prepared here exhibited the characteristic four-lobed arrangement. cav-3 was immobilized via the C-terminal MAT tag onto a metal affinity column with RyR1 subsequently applied. The Western blot in Fig. 8E shows the protein profiles of the binding, washing, and elution stages revealing that both cav-3 and RyR1 were eluted from the column with imidazole, thereby suggesting a complex had formed between the two full-length folded proteins (lane 4). In a second approach to examine the interaction of the two full-length proteins, aliquots of purified RyR1 and recombinant cav-3 were combined, incubated, and then examined by TEM. Examples of control RyR1 images presenting the cytoplasmic assembly in projection measuring ϳ30 ϫ 30 nm are shown for comparative purposes in Fig. 9A . A side view of RyR1 is also shown in Fig. 9A , far-right panel. Two example areas showing a field of RyR1/ cav-3 complexes are shown in Fig. 9B , although it was found that the addition of recombinant cav-3 led to much of the sample being aggregated (possibly due to the presence of two different detergents). However, some RyR1⅐cav-3 complexes showing square-shaped RyR1 tetramers with additional protein densities bound were identified as shown in Fig. 9C . It can be seen from the montage of particles that the protein densities attached to the square-shaped RyR1 complexes have dimensions and features that match those of cav-3 nonamers. In addition, the number of cav-3 oligomers associating with an individual RyR1 tetramer varies considerably as does the orientation when viewed in projection, and as such, single particle averaging and classification were not feasible. Possible future attempts to separate out the various RyR1⅐cav-3 complexes by size-exclusion methods, for example, may aid the EM analysis of the complex formation, although low yields of purified cav-3 are currently prohibitive. However, what we can infer from the raw images is that there is clearly an association between the RyR1 homotetramers and full-length cav-3 nonamers, although caution should be taken when interpreting noisy single images. Thus, we were not able to draw confident conclusions as to There are also three distinct CBMs, 7-9, that are unique to RyR2. Motifs 1-6 were aligned to show the degree of similarity. Asterisk indicates fully conserved residue; colon indicates conservation of residue with strongly similar properties; period indicates conservation of residue with weakly similar properties. Capital letters indicate key amino acid residues within the motif. CBM 1 is found in the putative cytosolic assembly, and motifs 2-6 are housed in the transmembrane domain. It can be seen that several of the CBMs in the transmembrane region overlap, e.g. 3-5 in both isoforms.
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Region CBM located to within RyR (54) . We found that the addition of solubilized cav-3 nonamers did not significantly alter [ 3 H] ryanodine binding to SR membranes (Fig. 9D) . We interpreted these data to have two possible meanings as follows: (i) that CBM 1 is occluded in the RyR1 homotetramer cytoplasmic assembly, or (ii) there is an interaction, but it does not result in any change to the open state of the channel. This method only tests the availability of CBM 1 for binding, because the other motifs would be occluded as they are in, or near, the TM region.
DISCUSSION
Our data show for the first time a direct interaction of cav-3 with homotetrameric RyR1 and thus indicate that at least one or more of the predicted CBMs are exposed within the quaternary organization of the receptor. Interestingly, it has been reported that in cases of central core disease aa 4860 (RyR1) is missing (55) . This residue forms part of CBM 4, and thus the (Table 1 , CBMs 2 and 6) are located at regions that are not predicted to be hydrophobic or form ␣-helical structures. B, Western blotting of JTC SR membrane proteins separated by SDS-PAGE identifying cav-3 as a constituent. C, Coomassie-stained SDS-PAGE (5%) illustrating the purity of RyR1 with Western blotting of each fraction (lower panel) confirming the identity of the isolated protein as RyR1. The 12% SDS-PAGE shows no accessory proteins have co-purified with RyR1. D, TEM image of a field of purified RyR1 complexes shows that it has been purified as a homotetramer. E, Western blot of cav-3 and RyR1 showing an interaction. Lane 1, loaded protein cav-3, top; RyR1, bottom. Lane 2, unbound protein. It can be seen that the majority of cav-3 bound to the resin and that a portion of RyR1 did not bind to the immobilized cav-3. Lane 3 shows that after multiple washing steps there was no nonspecifically bound protein present. Lane 4, both cav-3 and RyR1 were detected in the eluent indicative of RyR1 having bound to cav-3.
deletion of the aromatic phenylalanine, a key residue forming the CBM, would likely perturb this region. In addition, we note that there are reports linking a mutation of aa 4950 (RyR2, glutamic acid to lysine; forming part of CBM 6) to catecholaminergic polymorphic ventricular tachycardia type 1, an electrical disorder of the heart that often results in sudden cardiac death. Further analysis of links between the putative interaction sites in the context of genetic determinants of disease also found that two of the CBMs unique to RyR2 (CBMs 8 and 9) are located within the segment termed divergent region 1, DR1 (aa 4210 -4562) (56) , which likely explains the loss of conservation with RyR1. However, recent medium/high resolution cryo-EM three-dimensional structures of RyR1 (57) have allowed mapping of the secondary structure features within the TM region identifying six putative helical domains. This assignment places the CBM motifs designated 3, 4, and 5 (spanning aa 4850 -4864) very close to the selectivity filter (aa 4891-4900) and hence within the core of the RyR1 TM domain. Therefore, based upon the EM model, these motifs would not be accessible for binding to cav-3. However, a similar analysis would place CBM 2 at the perimeter of the RyR1 volume, with the bioinformatics analysis (Fig. 8A ) also predicting that it is not within a TM helix and consequently may represent an exposed site for binding cav-3. In addition, the CBM motif 6 is situated within the short C-terminal tail that would extend just beyond the bilayer into the cytosol, and so we suggest it also may represent a viable binding site for cav-3.
As shown in Table 1 , CBM 1 is located to the cytoplasmic domain of RyR1 and RyR2, but despite the fact that we found that the addition of cav-3 did not modulate [ ters of extra-dyadic RyR2s (58) . It is generally accepted that RyRs almost bridge the cytosolic space between 12 and 14 nm but fall short of contacting the plasma membrane. We can see from the three-dimensional structure of cav-3 presented here (Fig. 7) that the N-terminal regions of the cav-3 nonamer extend beyond the bilayer into the cytosol by nearly 3 nm and thus would have the potential to form contacts with the large cytoplasmic receptor assembly; therefore, an association between cav-3 and RyR via CBM 1 may be important for localization of the channel within different regions of the SR. Future higher resolution EM studies may enable clarification as to the RyR domains involved.
A further intriguing result from this study was the identification of a population of cav-3 in isolated SR membranes. Li et al. (28) have also identified cav-3 in the SR, although they describe SR preparations that likely equate to the longitudinal SR fractions inferred by the high concentration of sarco/endoplasmic reticulum Ca 2ϩ -ATPase, cholesterol, and GM1, all markers of the longitudinal SR. Importantly, the group also showed that there were no protein markers to indicate plasma membrane contamination. One possibility for the presence of cav-3 in both the junctional (prepared here) and longitudinal regions of the SR is that neither of the purification protocols resulted in 100% fractionation or that cav-3 populations exist throughout the SR. A detailed analysis of the localization of cav-3 in skeletal and cardiac myocytes is clearly required to unravel the physiological relevance of an SR population of cav-3. An SR population of cav-3 would also have the potential to interact with RyR1 CBMs 2 and 6. Future approaches to investigate this association may consider, for example, co-reconstitution of cav-3 and RyR1 into bilayers to examine effects upon channel opening using electrophysiology techniques.
The interpretation of the three-dimensional structure of nonameric cav-3 suggests that the C-terminal domain from each contributing monomer cluster together to form the central cone region that is consistent with reports showing that deletion of the C-terminal tail of cav-1 impairs oligomerization (60) . Furthermore, the exposure of the putative N-terminal domain, within the cytosol, as shown in Fig. 7C agrees well with studies identifying this region as important for mediating interactions with a wide range of proteins (61) . Overall, the threedimensional cav-3 structure permits visualization as to how the N-and C-terminal domains of cav-3 could independently associate with a number of proteins or interact with the same partner but bind to different regions, and thereby promote assembly of macromolecular signaling complexes. Negative staining methods can lead to deformation of the tertiary and quaternary structure of a protein; however, based upon the modeling presented in Fig. 7 , we suggest that there has not been significant flattening of the structure.
Finally, the finding that overexpression of human cav-3 appeared to induce caveolae formation in Sf9 cells was intriguing because insect cell membranes typically have a very low cholesterol content compared with mammalian cells and a different phospholipid profile (62) . The formation of caveolae would therefore perhaps be unexpected as both the structure and function are intrinsically linked to cholesterol (63) , with caveolins also shown to directly bind cholesterol (64) . There is also growing evidence that polymerase I and transcript release factor (PTRF)-Cavin is also required for the formation, organization, and function of caveolae (22, 46, 59) , but as yet a homolog has not been identified in insects. With respect to cholesterol, there is perhaps a minimum concentration that is required for caveolae biogenesis. Another possibility is that cholesterol content may influence the propensity of caveolae to form, which may provide an alternate explanation as to why we do not observe "hundreds" forming in Sf9 cells. Similarly, because caveolins have been shown to directly bind cholesterol, concentration may also influence the size of the caveolin oligomers formed and thus may explain the variation between reports in the literature due to differences in the cell type or expression systems studied. Another interesting observation was that cav-3 was reconstituted into liposomes devoid of cholesterol. However, because we did not observe the formation of caveolae upon insertion of the protein, this would support the requirement of minimal cholesterol content for induction of caveolae. In conclusion, these data provide a new understanding as to how cav-3 can act as a signaling hub binding multiple protein partners per oligomer and facilitate protein-protein interactions. Our data showing a direct interaction between RyR1 and cav-3 is novel, and future studies are now needed to investigate whether this association has a role in regulating muscle excitation-contraction coupling and/or influences the organization of RyR populations within the SR or has a role in stabilization of the T-tubule/SR configuration.
